Genetic events mediating transformation from premalignant monoclonal gammopathies (MG) to multiple myeloma (MM) are unknown. To obtain a comprehensive genomic profile of MG from the early to late stages, we performed high-resolution analysis of purified plasma cells from 20 MGUS, 20 smoldering MM (SMM) and 34 MM by high-density 6.0 SNP array. A progressive increase in the incidence of copy number abnormalities (CNA) from MGUS to SMM and to MM (median 5, 7.5 and 12 per case, respectively) was observed (P ¼ 0.006). Gains on 1q, 3p, 6p, 9p, 11q, 19p, 19q and 21q along with 1p, 16q and 22q deletions were significantly less frequent in MGUS than in MM. Although 11q and 21q gains together with 16q and 22q deletions were apparently exclusive of MM status, we observed that these abnormalities were also present in minor subclones in MGUS. Overall, a total of 65 copy number-neutral LOH (CNN-LOH) were detected. Their frequency was higher in active MM than in the asymptomatic entities (P ¼ 0.047). A strong association between genetic lesions and fragile sites was also detected. In summary, our study shows an increasing genomic complexity from MGUS to MM and identifies new chromosomal regions involved in CNA and CNN-LOH.
INTRODUCTION

Multiple myeloma (MM) is a malignant disorder characterized by the accumulation of clonal plasma cell (PC) in the bone marrow (BM)
. Recent epidemiological studies have demonstrated that MM evolves from a previous premalignant condition in most patients.
1,2 Both MGUS and smoldering MM (SMM) are considered to be precursors of active MM. 3, 4 However, the rate of progression of these two premalignant conditions to symptomatic MM differs greatly. Thus, while MGUS evolves to MM or a related malignancy at a rate of 1% per year, 5 the cumulative probability of progression to active MM or amyloidosis in SMM is 10% per year in the first 5 years. 6 The current pathogenic models assume that MM develops through a multistep transformation from normal PC to MGUS, which implies PC immortalization and, subsequently, the transformation to active MM, where clonal PC cause end-organ damage. 7, 8 Cytogenetic studies using fluorescence in situ hybridization (FISH) have demonstrated that most genetic lesions typical of MM are already present in MGUS stage. [9] [10] [11] We recently have shown that a major difference between these three entities is the number of PC with genetic abnormalities, which increases from MGUS to SMM and to MM. 12 It demonstrates that the progression from MGUS to SMM, and eventually to MM, involves a clonal expansion of genetically abnormal PC. 12 However, the genetic abnormalities characteristic of each evolving stage of monoclonal gammopathy (MG) have not been elucidated. This suggests that the chromosomal regions explored so far are not involved in the MG transformation or that the progression from one entity to another is associated with subtle genetic lesions beyond the resolving power of classical cytogenetics and FISH. More sophisticated genomic technologies might allow us to explore the whole genome at a high level of resolution and thereby uncover genetic abnormalities underlying the transformation from premalignant conditions to active MM.
The development of microarray technology has enabled highresolution, genome-wide analysis based on single-nucleotide polymorphisms (SNPs). This methodology scans the genome at 680-bp intervals on average and is able to reveal gains and losses as well as regions of loss of heterozygosity (LOH). Moreover, the full range of somatically acquired genetic alterations, including point mutations, can be identified using the new generation of sequencing technologies. Although SNP-based mapping arrays have been used in several studies to identify gains and losses in myeloma samples, 13, 14 and a recent report has identified unknown somatic mutations in myeloma using whole-genome sequencing, 15 there has been no high-sensitivity analysis comparing copy number alterations (CNA) in MGUS, SMM and MM.
In the present study, we have performed for the first time a comprehensive high-resolution analysis of genomic imbalances by high-density 6.0 SNP array in 20 MGUS, 20 SMM and 34 MM patients to search for the genetic lesions that may be involved in the transformation from MGUS to MM. PATIENTS AND METHODS Patients BM samples were obtained from patients with MGUS (n ¼ 20), high-risk SMM (n ¼ 20) and newly diagnosed MM (n ¼ 34). To avoid misclassification or overlapping entities, we decided to focus on MGUS patients with more than 2 years of stable follow-up, high-risk SMM and symptomatic MM using the International Myeloma Working Group criteria. 16 All samples came from newly diagnosed, untreated patients. High-risk SMM was defined as the presence of 410% PC in BM and a monoclonal component IgG X3 g/dl, IgAX2 g/dl or Bence Jones proteinuriaX1 g/24 h, together with absence of CRAB (calcium increase, renal insufficiency, anemia, bone lesions). 6 Patients meeting either but not both criteria were also included in the study if they fulfilled the additional criteria of having X95% phenotypically aberrant PC in the BM PC compartment (aPC/BMPC) and immunoparesis. 4 A total of 10 matched non-tumor DNA samples were also included in the analysis. The study was approved by the research ethics committees of all participating centers and written informed consent was obtained from all patients in accordance with the Helsinki Declaration. The main clinical and laboratory characteristics of these patients are presented in Supplementary Table 1. Sample preparation CD138-positive PC isolation was carried out in all the BM samples using the AutoMACS automated separation system (Miltenyi-Biotec, Auburn, CA, USA). Final purity was 495% in all MM and SMM cases, and 490% in MGUS patients. After purification, the selected cells were split for FISH and DNA extraction. DNA was extracted using commercially available kits (Allprep Kit, Qiagen, Valencia, CA, USA) according to the manufacturer's instructions. DNA quality and quantity were determined using a ND-1000 Spectrophotometer (Nano-Drop Technologies, Wilmington, DE, USA).
SNP arrays and data analyses
The simultaneous genome-wide detection of CNA and LOH were investigated using the standard Affymetrix Genome-Wide Human SNP Array 6.0 assay protocol (Affymetrix, Santa Clara, CA, USA). Briefly, genomic DNA was digested with Nsp I and Sty I restriction enzymes, ligated to adapters and amplified by PCR. PCR products were concentrated and fragmented, and then end-labeled with biotin, denatured and hybridized to the SNP array 6.0. The arrays were processed using the Fluidics Station 450, GeneChip Scanner 3000 7 G and AGCC (AffymetrixGeneChip Command Console Software). Given that matched normal DNA was not available in all cases, an unpaired analysis was performed using 240 Hapmap files as reference. However, 10 tumors were also analyzed against their own genomic-matched normal DNA. The complete data set was analyzed by visual inspection using the Genotyping Console 4.0 (Affymetrix), dCHIP and Chromosome Analysis Suite software (Affymetrix). Two of the authors (LLC and MES) independently reviewed the copy number results for all patients and all chromosomes, and visually scored lesions. CNA were reported when the three following criteria were achieved: minimum of ten markers per segment, 100 Kb minimum genomic sizes and o50% overlap with known copy number variants (Database of Genomic Variants). 17 Only copy number-neutral LOH (CNN-LOH) larger that 5 Mb were considered. 18 As homozygous deletions (HZD) are a rare event, all of them were considered without meeting the aforementioned critera, taking into account that copy number variants commonly observed as a heterozygous deletion in the general population, may have a pathogenic outcome when present in homozygous state. 19 The Genotyping Console provides information about the genomic changes at five levels: copy number state, log 2 ratio, smooth signal, allele difference and LOH. The smooth signal takes integer values between 0 and 4 (1 for monosomy, 2 for diploidy, 3 for trisomy and 4 for tetrasomy). A continuous consistent line in the copy number state window along with a smooth signal at position 1 indicates loss of a region, whereas gain of a region is recognized when a continuous consistent line in the copy number window along with a smooth signal at position 3 is present. However, visual inspection allowed us to detect intermediate situations corresponding to imbalances present in minor populations (less than 50%) coexisting with the major diploid population (more than 50%). These subclones were identified according to the following 'in-house' criteria: (i) a discontinuous line in the copy number state window, compared with a continuous consistent line representing the major clonal population; (ii) intermediate values in the smooth signal, such as 2.5 when only a minor clone had acquired the gain, or 1.5 when only a minor clone had experienced a loss; and (iii) confirmation in the LOH state window, as LOH only emerge when a major clonal population is present (see Supplementary Figure 1 for further details).
Full SNP array data are available at the Gene Expression Omnibus (www.ncbi.nlm.nih.gov/geo/, accession number GSE31339).
Cytogenetic analyses
The systematic screening for genomic aberrations in our institution includes interphase FISH studies for detecting immunoglobulin heavy chain gene (IGH) rearrangements -t(11;14)(q13;q32), t(4;14)(p16;q32) and t(14;16)(q32;q23)-with the corresponding dual-color, dual-fusion translocation probes (Abbott Molecular/Vysis), 13q (LSI 13, RB1 13q14) and 17p deletions (LSI p53, 17p13.1) (Abbott Molecular/Vysis, Des Plaines, IL, USA), and 1q gains (on 1q21/SRD 1p36, Kreatech Diagnostics, Amsterdam, the Netherlands). 20 The FISH results of all the patients included in the present study have been previously reported. 
RESULTS
Quality assessment of SNP arrays
Ten paired normal peripheral blood samples were simultaneously run on the Genotyping Console and visually analyzed in parallel with their paired tumoral samples. We did not observe any CNA in the peripheral blood samples apart from those overlapping with known copy number variants.
As FISH analysis of 1q21, 13q and 17p13 was available for all patients, we aimed to compare the genomic changes detected by SNP arrays in these three regions with the FISH results. Only 5 discordant cases were observed out of more than 65 imbalances detected by both techniques. Four of these discordant cases, affecting 13q and 1q, were detected by FISH but not by SNP-array analysis. Nevertheless, a more detailed analysis of two of them revealed a small population bearing such abnormalities. In the fifth discordant case, corresponding to an SMM sample, the SNP arrays detected an interstitial deletion at 13q14.2, extending from 47 596 000 to 47 666 069 bp, which was not observed by FISH. This could be because the probe only covered part of the deleted region and was therefore too short to be resolved with the naked eye.
Copy number abnormalities Chromosomal imbalances were identified in 69 (93%) of the 74 patients analyzed. The only five cases with no CNA were from asymptomatic entities (two MGUS and three SMM patients), whereas all MM patients showed at least one CNA. Overall, a total of 703 DNA copy number changes were detected with a median of 8 imbalances per abnormal case (range, 1-32 imbalances): 374 gains with a median of 4 per abnormal case (range, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] and 329 losses with a median of 3 (range . A detailed description of the most frequent aberrations is shown in Supplementary Table 2 .
We next compared the three types of MG, observing a progressive increase in the incidence of genomic imbalances from MGUS (median, 5/case) to SMM (median, 7.5/case) to MM (median, 12/case) (P ¼ 0.006; MGUS vs MM) ( Table 1) . A similar pattern was observed when we considered the gains separately: the median numbers/case were 1.5, 3 and 6.5 for MGUS, SMM and MM, respectively (Po0.001 and 0.025 for the comparison with MM); for the losses the significant differences (P ¼ 0.033) were observed only between MGUS (1.5/case) and MM (4/case), with the SMM cases showing a similar frequency to MM (3.5/case) ( Table 1 ).
When we analyzed the frequency of specific chromosomal abnormalities according to the type of MG, we found that gains on 1q, 3p, 6p, 9p, 11q, 19p, 19q and 21q along with 1p, 16q and 22q deletions were significantly less frequent in MGUS than in symptomatic MM (Table 2) . Interestingly, 11q and 21q gains, together with 16q and 22q deletion were exclusive of MM status, as they were not detected in any of the MGUS patients. Additionally, the incidence of gains on 11p, 11q, 19p, 19q and 21q and 4q deletions were also significantly lower in SMM than in MM disease (Table 2 ). Comparing the two premalignant states, we only found a significant difference in the 16q deletion, which was not present in MGUS but was observed in 30% of SMM (P ¼ 0.038) ( Table 2) . Otherwise, some CNA, such as 7 trisomy and 18q gain, 6q and 12q deletion and 13, and X monosomy, were present at similar frequencies in the three entities (Supplementary Table 2 ). This suggests that particular chromosomal abnormalities may be acquired progressively during the evolution of MG ,while others are already present from the first stages. Table 2 summarizes the chromosomal imbalances whose frequency differed significantly between the three entities. More detailed information can be found in Supplementary Table 2. Figure 1 shows all the genomic changes organized by MG type and chromosome.
We next focused on the size of the abnormality and observed that, whereas some chromosomes usually showed complete gains or losses, others only had short interstitial alterations. Most of the gains affected either the whole chromosome (trisomies of oddnumbered chromosomes: 3, 5, 7, 9, 11, 15, 19 and 21), or the whole arm (1q and 6p) with very unusual interstitial gains. By contrast, the loss of chromosomal material was more frequently interstitial (1p, 4, 6q, 8p, 9p, 10, 12, 14q, 17p and 22) although losses of whole chromosomes (monosomy of X and 13) and of chromosomal arms (16q and 20p deletions) were also observed. There were no differences in the size of particular abnormalities with respect to the type of MG.
PC bearing CNA increase from MGUS to SMM and to MM We observed at least one minor subclone (o50% of PC) carrying a CNA more frequently in MGUS (75% of cases; median of 3.5 of subclones/case, range 1-12) than in SMM (30% of cases; median of 1, range [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] and MM (56% of cases; median of 1/case, range 1-16) (P ¼ 0.017 in the comparison of MGUS vs SMM þ MM). When we compared the presence of minor and major subclones for a particular CNA, we observed that the minor subclones predominated in MGUS, whereas in MM patients (both symptomatic and asymptomatic disease) the major subpopulation was the predominant one. Interestingly, subclone analysis revealed that the four abnormalities initially only detected in MM (11q, 21q gains and 16q, 22q losses) but not in MGUS ( Figure 2a) were also found as a minor subpopulation in MGUS samples (Figure 2b ).
Minimal common regions (MCR)
In an attempt to narrow down the size of the recurrent chromosome imbalances, minimal overlapping regions were delineated for all the chromosome regions affected in at least 25% of the patients. We identified nine minimally gained regions (MGR) and 22 minimally deleted regions (MDR) involving a median number of 43 genes. We found five MGR at 1q21.3, 6p22.3-p25.3, 8q22.2-q22.3, 18q12.2 and Xq25-q28, and seven MDR at 1p21.1-p21.3, 1p13.3, 8p12-p23.3, 11p11.2, 12p13.2, 17p13.1 and 20p12.1-p12.2 that were present in at least 80% of the patients with CNA in those regions (Table 3) .
We also wanted to explore the incidence of focal-recurrent CNA, defined as a delimited region, smaller than 500 Kb, that is identical in at least two different patients. We observed eight focalrecurrent CNA that fulfilled this criterion, six of which contained genes ( Table 4) . Two of these regions were lost in two MGUS, one at 12q22 containing two genes (NUDT4 and UBE2N) and the other at 19p13.2, including three zinc finger proteins (ZNF709, ZNF564 and ZNF490). We also found two focal regions deleted in two MM patients, located at 8q13.1 and 9p23, which encompassed 136 and 460 Kb and contained two genes (MTFR1 and PDE7A) and one gene (PTPRD), respectively (Table 4) .
Copy number-neutral LOH CNN-LOH was detected in 28 of the 74 MG patients (38%) with a median of two per case (range, 1-5; Supplementary Figure 3 and Table 5 ). The frequency of CNN-LOH was significantly higher in 
Homozygous deletions
Using the smoothing algorithm within dChip, we detected a total of 12 HZD, corresponding to 4 MGUS (25%), 1 SMM (5%) and 3 MM (9%) patients. These 12 HZD involved 10 different regions with a median size of 209.7 Kb; 8 of them targeted a total of 23 genes including BIRC2, BIRC3, YAP1, MMP7, MMP20 and PRAME (Table 6 ). Even though HZD is not a common alteration, it is worth noting that two pairs of MGUS patients showed the same HZD, one located at 8p11.23-p11.22 (which contained only one known gene, ADAM3A) and the other one at 2p22.3. Furthermore, two other MGUS patients displayed two HZD each (Supplementary Figure 2) .
Correlation with fragile sites (FRA) Based on previous findings suggesting a correlation between FRA and chromosomal regions frequently involved in rearrangements or cancer breakpoints, 21, 22 we tried to find a correspondence between them and the genetic lesions detected by SNP array (MCR, focal and recurrent CNA, HZD and interstitial CNN-LOH regions). It is of note that 17 of the 31 (55%) previously described MCR and three of the eight (38%) focal-recurrent CNA coincide, in at least one of the boundaries, with a described FRA. Additionally, taking into account the ten different areas affected by HZD, 40% (1q25.1, 1q31.1, 13q32.1 and 19q13.31) corresponded to fragile sites. Regarding the CNN-LOH regions, when we considered solely interstitial regions (n ¼ 49), we found that 32 of them (65%) were also located inside FRA. Likewise, four of seven CNG-LOH (57%) were within a FRA. It is intriguing that the only two identical interstitial CNN-LOH had their start and end within a described FRA (Supplementary Figure 4) . Upon examining the relationship between the frequency of genetic lesions in fragile sites and the type of monoclonal gammopathy, we observed that 68% of MCR in MGUS were located in a reported fragile site, compared with 52% in MM, although these differences were not statistically significant. The same trend was observed in focal-recurrent CNAs (55% in MGUS vs 25% in MM).
Associations between the different genomic imbalances and the relationship with IGH translocations Regarding associations between chromosomal imbalances, broadly speaking, gains were associated with gains, and losses with losses. The most frequent gains, particularly trisomies of the odd-numbered chromosomes (3, 5, 7, 9, 11, 15 and 19), tended to be associated with each other except for the 1q gains, which were significantly associated with losses (1p, 9p, 13q, 14q, 16q, 20p, 20q and X) but not with gains. Regarding the most frequent losses, 1p loss was only associated with losses (2q, 3p, 4p, 4q, 6q, 8q, 9p, 10q, 12p, 12q, 13q, 14q, 17q, 20p, 22q and Yq). Likewise, X monosomy was associated with losses on chromosomes 13q, 16q, 18p, 18q; and 22q loss with losses on 1p, 2q, 6q, 8p, 12p, 13q. Losses on 13q were mainly associated with chromosomal losses but also with some 1q gains.
When we analyzed the relationship between the IGH rearrangements detected by FISH and the CNA described by SNP arrays, we found that patients with t(4;14) (n ¼ 6) more frequently showed losses on 1p, 4q, 9p, 11q, 12p, 13q and 22q (P ¼ 0.04).
DISCUSSION
The present study shows for the first time the different copy number and LOH profiles present at three stages of MG evolution: MGUS, SMM and MM. There were significantly more copy number alterations in MM than in MGUS patients, values for SMM being intermediate. This may reflect increased genetic instability as the stage of the disease becomes more advanced. This finding is in line with results from solid tumors and lymphoid neoplasms showing that the average number of copy alterations is correlated with tumor aggressiveness, progression and prognosis. [23] [24] [25] [26] Recently, a new mechanism of genomic instability called chromothripsis, whereby tens to hundreds of genomic rearrangement occur in a localized genomic region, has been described in low proportion of MM. 27 After looking for this phenomenon in our MM series, the hallmarks of chromothripsis were not detected in any cases, probably due to its low frequency. Our results show that chromosomal gains were usually associated with gains, and losses with losses. The only exception to this pattern was 1q gains that were significantly associated with losses, which may help explain the adverse reported outcome of patients with the 1q gain.
When we considered specific abnormalities, we found significant differences between active MM and previous steps of MG. Thus, gains on 1q, 3p, 6p, 9p, 11q, 19, 21q, together with losses on 1p, 16q and 22q were significantly less frequent in MGUS than in MM, suggesting that they may be involved in this evolution. Otherwise, gains on 11p and losses on 4q would be involved in the transition from SMM to symptomatic disease. Cheng et al. 28 have recently reported by comparative genomic hybridization (CGH) that 4q deletion could be an early potentially critical genetic event in MM tumorigenesis, as CGH arrays analysis detected similar frequencies of this abnormality in MGUS and MM. However, our results do not support this hypothesis, as the incidence was higher in MM (20%) than in MGUS and SMM (3%). Likewise, we also failed to find a higher frequency of 19 gains in MGUS; in fact, the incidence of trisomy 19 was significantly higher in MM.
We have paid particular attention to those CNA that were apparently exclusive of the late stages of MG (symptomatic MM), as we may speculate that these chromosomal imbalances may be critical to the malignant transformation. However, it is possible that these aberrations may already be present in subpopulations of PC clones at early stages (MGUS, SMM), but can only be detected by high-resolution techniques. In line with this hypothesis, we found that several of these alterations, such as 11q and 21q gains and 16q and 22q deletions, which were apparently only detected in MM samples, were also present in minor subclones of MGUS patients. This finding confirms that most, if not all chromosomal aberrations are already present in the MGUS state, which supports the notion that karyotypic instability is initiated in MGUS. This is in accordance with our recent study which showed that the number of clonal PC with genetic abnormalities detected by FISH increased from MGUS to SMM and to MM, suggesting a clonal expansion of genetically abnormal PC. 12 Whether specific chromosomal changes confer a proliferative advantage on PC for clonal expansion and MGUS-MM transition remains unclear. The analysis of sequential samples from the same individual evolving from MGUS and SMM to active MM is essential to confirm these results. Interestingly, minor altered subclones were significantly more common in MGUS than in MM. A similar finding based on FISH analysis of pathological PC of MGUS had been reported, so the coexistence of several aneuploid clones with diploid PC was typical of MGUS, in contrast to the predominance of one of two major aneuploid clones in MM. gains, which were detected in 16 MM in more than 50% of PC population were also present in 4 MGUS, when the minor subclones were assessed visually.
The accurate determination of the MCR of chromosomal alterations is a crucial step in identifying new oncogenes and tumor suppressor genes. We found 31 MCR (9 gained and 22 lost) with no significant differences between the MG stages. Some of these MCR overlapped partially or completely with other regions previously identified in SNP array studies in symptomatic MM, such as loss of 1p31.1, 1p21.1, 6q25.3, 8p12-p23.3, 12p13.2, 14q24.1-q31.1, 16q12.1, and gains at 1q21.3, 6p22.3. For example, Leone et al. 14 described a commonly deleted region at 1p12-p21.1, which includes the one that we found at 1p13.3. Furthermore, a commonly gained region at 1q21.1-q23.3 described by Walker et al. 13 also embedded our common gained region at 1q21.3, suggesting that KCNN3 is a target gene. Some of the genes included in MDR were relevant transcription regulators. For example, 1p21.1-p21.3 region contains genes such as HDAC4, which has a role in cell growth arrest, differentiation and death, FOSL2, a FOS family member, implicated as regulator of cell proliferation, and JUND, which has been proposed to protect cells from p53-dependent senescence and apoptosis. [30] [31] [32] [33] Similarly, another transcription regulator, CEBPA, located at MDR 12p13.2 is a critical transcription factor that controls tissue specific gene expression and proliferation arrest. 34 Indeed, CEBPA acts as a tumor suppressor in a number of tumor types. 35 Regarding MM, CEBPA polymorphism has been described in 5% of MM patients. 36 The 8p12-p23.3 MDR contains STAT1, which is a promoter of apoptosis required for interferon-alpha-mediated cell death, 37 and two proapoptotic molecules, TNFRSF10A, which transduces cell death signal and induces cell apoptosis, and BNIP3L that may function as a tumor suppressor. [38] [39] [40] [41] [42] On the other hand, the MGR at 8q22.2-q22.3, 16p12.1, 16p11.2 and 20q11.2, and the MDR at 2q35, 11p11.2, 12q24.11 and 14q11.2 detected in our series have not been described before.
13,14
The presence of CNN-LOH has been recognized in various hematological malignancies, including acute leukemias, follicular lymphoma, chronic lymphocytic leukemia, mantle cell lymphoma and MM. 13, 18, 43, 44 In our series, multiple regions of CNN-LOH widely scattered throughout the genome were identified, with different distributions in the distinct MG groups. CNN-LOH was found in half of MM patients but only in 25% of patients with MGUS or SMM. This is the first study to compare different types of MG, given that the report by Walker et al. 13 just focuses on MM, with 37% of the cases showing CNN-LOH. Interestingly, we observed that individual patients tended to accumulate more than one CNN-LOH. In fact, only 9 of the 28 patients had only one CNN-LOH. Concordant with previously described data, most CNN-LOH were interstitial. 13, 45, 46 Nevertheless, we also found seven whole chromosomes that were affected by CNN-LOH, which probably arose by mitotic nondisjunction. Regarding the CNG-LOH in MM patients, the one affecting chromosome 1 had been already described. 13, 45 Although CNG-LOH is an uncommon finding, we found one CNG-LOH in 1q and four others more distributed on different chromosomes. We also described for the first time CNG-LOH in two MGUS patients.
HZD are important genetic events, as the genes contained in the deleted regions are biallelically inactivated. Two of the 12 HZD (11q22.1-q22.2 and 13q32.1) detected in this study had been previously reported by other groups, highlighting their relevance Abbreviations: MM, multiple myeloma; SMM, smoldering MM.
SNP-array profile: from MGUS to SMM and to MM L Ló pez-Corral et al in MM genetics. 47 Some of the genes contained in 11q22.1-q22.2 HZD are known to be involved in cancer. Thus, BIRC2 and BIRC3 (11q22 HZD) encode for proteins that inhibit apoptosis and have a role in MM prognosis. 48 Matrix metalloproteases (MMPs 7 and 20) have a central role in cell proliferation, migration, differentiation, angiogenesis, apoptosis and host defences and YAP1 is the critical downstream regulatory target in the Hippo signaling pathway, having a pivotal role in organ size control and tumor suppression by restricting proliferation and promoting apoptosis. 49, 50 By contrast, the genes contained in the 13q32.1 HZD have not been yet associated with a role in cancer disease. The HZD located at 8p11.23-p11.22 and found in two MGUS patients is also of particular interest, as it contains only the ADAM3A gene, in which HZD has recently been reported in pediatric high-grade glioma and diffuse intrinsic pontine gliomas. 51, 52 Other relevant genes, such as the tumor suppressor gene PTPRD, the transcriptional regulators ZNF709, ZNF564 and ZNF490, and UBE2N, which plays a role in the error-free DNA repair pathway, were included in the reported focal-recurrent CNA. 53, 54 Fragile sites are gaps, constrictions or breaks in metaphase chromosomes that arise when cells are exposed to a perturbation of the DNA replication process. 21, 22 To date, around 110 loci have been identified as chromosomal fragile sites (http://www.ncbi.nlm. nih.gov/gene/). Several studies have shown a strong correlation between the location of common fragile sites and breakpoints on specific chromosomal aberrations from solid tumors, such as breast, prostate, lung and esophageal squamous cell carcinoma. 55, 56 For example, one of the most frequently observed fragile sites, FRA16D, is located at 16q23.2 and is associated with the tumor suppressor WWOX, which is significantly underexpressed in MM cases with 16q LOH or t(14;16). 47 In our series, more than onethird of the focal and recurrent CNA and HZD, and more than a half of the MCR and interstitial CNN-LOH overlapped with known fragile sites; this raises the possibility that fragile sites may facilitate the emergence of some of these genetic lesions.
A major aim in cancer biology is to understand the full spectrum of gene changes giving rise to tumor initiation and progression. In this context, whole-genome analysis using SNP-mapping arrays reveals evolving cytogenetic profiles of increasing complexity from MGUS to SMM and to MM. However, although MM have more CNA and CNN-LOH than early steps, MGUS are as genetically aberrant as MM, and the transition from MGUS to MM is not associated with a particular chromosomal imbalance, but rather with an expansion of altered clones that are already present in MGUS. In addition, our study shows the enormous potential of SNP-based arrays for identifying new regions involved in CNA, HZD and CNN-LOH. A comprehensive investigation of the genes contained in these regions may provide new insights into MM pathogenesis.
